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ABSTRACT 
Coal has been a major energy resource worldwide for many years and will continue to be in 
the foreseeing future. One of the major by-products of using coal is the redundant colliery spoil 
heaps that are harmful to environments. This problem can be overcome in a relatively 
economical way by using a newly developed technology, i.e., the Nature Medium Cyclone 
(NMC) technology which makes use of fine dirty particles in the feed rather than magnetite 
particles to form the medium phase. The current understanding on the flow and performance 
of NMCs are extremely limited. In this work, the flow in a NMC is studied by using a combined 
approach of Computational Fluid Dynamics (CFD) and Discrete Element Method (DEM) 
(CFD-DEM) where the flow of coal particles is modelled by DEM and that of medium flow 
by conventional CFD. The simulated results are compared favourably with physical 
experiments and the effects of two of the most important operational parameters, i.e., medium 
velocity and medium-to-coal ratio (M:C ratio) at the NMC inlet, are investigated numerically.  
 Keywords: Multiphase flow; Nature Medium Cyclone; Discrete Element Method; 
Computational Fluid Dynamics; Physical separation.  
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1 INTRODUCTION  
A major by-product in coal production is the redundant colliery spoil heaps that are harmful to 
environments since they may cause contamination (e.g., spontaneous combustion of coal 
within the spoil and pollution of surface and ground waters) from within the existing spoil tip. 
This problem can be overcome by using a newly developed technology, i.e., the Nature 
Medium Cyclone (NMC) technology that is currently unique to recover waste coal from 
redundant colliery spoil heaps or abandoned coal reserve sites. It is an environment-friendly 
coal recovery and restoration technology since it eliminates environmental hazards and the site 
after treatment could be used as landscape (e.g., public open space for biodiversity 
enhancement and recreation). 
Table 1 compares the NMC technology with the popular coal-upgrading technology of large 
coal particles, i.e., the Dense Medium Cyclone (DMC) technology. It can be seen that the most 
important advantage of the NMC technology is that it does not use an additive such as 
magnetite in the liquid circuit to form medium density. Instead, it uses the fine dirt, shale and 
clay within the feed to achieve the medium. This simplifies the process and thus save the 
operational cost significantly. Another significant difference is the average particle density of 
the feed, which is about 1400 kg/m3 for DMCs but about 1800 kg/m3 for NMCs. These 
differences may require significantly changes for the design, control and optimization of NMCs 
when compared to that of DMCs. 
A typical NMC technology is the Natural Medium Dual Density system developed by 
RecyCoal UK. The system has been successfully used at a number of sites in the UK and is 
now increasingly used worldwide including Australia. NMCs are the decisive devices in the 
system since they are actually responsible for the separation of coal product from rejects. 
RecyCoal has designed and installed the systems to process tonnages ranging from 300 tph up 
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to 2000 tph and coal yields ranging from as low as 4% to over 60% for recovering coal from 
various difficult “waste” materials such as: 
 Old derelict colliery spoil tips 
 Heat affected coal 
 Rejects from dense medium cyclones  
 Clay contaminated coal seams 
 Coal from seam cleanings and interfaces  
 Run-of mine feed direct from the mine.  
Currently there is almost no experimental work on NMC in the literature. In fact, even for the 
traditional DMCs, the useful data for process design and control are limited because of the 
difficulty in conducting controlled experiments. To date, majority of the previous studies are 
limited to the quantification of macroscopic parameters (see [1] for example). A recent study 
has indicated that the measurement errors of separation performance Ep (Ep = (D75−D25)/2, 
where D75 and D25 are the densities for which 75% and 25% of feed particles report to 
underflow respectively) of a large scale DMC (the mass flowrate is about 2000 tonnage per 
hour) is about 20% on average [2]. The major reason for this large measurement error should 
be that the properties of the coal particles such as coal particle size and density distributions 
are almost impossible to be the same for different runs of physical experiments while previous 
work has shown that the coal properties can significantly affect the cyclone performance [3-5]. 
Moreover, it is very difficult to measure the microscopic, internal flow and force structures in 
DMC/NMC. With the use of expensive techniques such as X-ray and gamma ray tomography, 
only the density distribution of medium flow (coal is not included) could be measured [6, 7].  
Mathematical modelling, often supported by physical modelling, offers an alternative to 
understand the complicate phenomena in a NMC. Nonetheless, the modelling work on the 
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multiphase flows in DMC/NMC has been extremely challenging. The current models on DMCs 
could be generally divided into three catalogues: (i) the combined CFD and LPT (Lagrangian 
particle tracking) model in which the medium flow is modelled by CFD while the coal particles 
are tracked by LPT [8-13]; (ii) the CFD/Mixture model approach in which both medium and 
solids are treated as a kind of fluid and modelled by the Mixture model which can be regarded 
as a simplified two fluid model (TFM) [14]; and (iii) the CFD-DEM approach in which medium 
flow is modelled by CFD while solids are modelled by DEM which applies Newton’s second 
laws to individual particles [4, 15, 16].  
The CFD-LPT approach is able to qualitatively study the effect of parameters such as geometry, 
fluid flow velocity and particle size. However, it cannot satisfactorily describe the effect of 
solids on medium flow and consequently parameters such as solid concentration. In theory the 
calculation of the reaction force on fluid phase acted by solid phase is mainly based on solid 
concentration and the relative velocity between solids and fliud; the accurate prediction of solid 
concentration depends on the modelling of particle-particle interactions that is not usually 
shown in the LPT models [17]. In order overcome the deficiency of CFD-LPT model, various 
approaches have been developed to model parcel-parcel interactions in the CFD-LPT model 
framework [e.g., 18, 19].  
The TFM model has been widely used in the literature for process modelling and especially 
for the modelling of fluidized beds [20-23]. However, it is extremely hard to apply a TFM to 
DMCs as there are particles of different densities and sizes (in theory particle of each density 
and size should be treated as a separate phase in the TFM model). So far, only a simplified 
TFM, i.e., the Mixture model has been attempted to study DMCs [14]. 
The CFD-DEM model has been proved to be an effective model to study the fundamentals of 
particle-fluid systems and has been extensively used in the literature in recent years [24, 25]. 
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CFD-DEM has also been applied to model complicated particle-fluid flow systems including 
cyclones of different types [4, 5, 15, 16, 26]. Notably, in order to overcome the problem of high 
computational cost of a standard CFD-DEM model, CFD-DEM models with different 
treatments such as parcel-particle concept, coarse-graining (CG) model, similar particle 
assembly model or scaling laws have been developed for various particulate systems [5, 26-
33].   
In this work, a CG CFD-DEM model is developed to model the swirling multiphase flow in a 
NMC. The results are first evaluated against experimental data and then the effect of two of 
the most important operational parameters, i.e., medium velocity and medium-to-coal (M:C) 
ratio at the NMC inlet, is investigated numerically. It demonstrates that the developed model 
could be a useful tool to design, control and optimise NMCs.  
2 MATHMATICAL MODEL  
The CFD-DEM model used for the present work has been well documented in the literature 
[34-36]. Following the model strategy used for dense medium cyclones [4, 12, 16], the 
modelling was divided into three steps, as shown in Fig. 1. The first two steps are devoted to 
solving the medium slurry flow and the third step is the particle flow. The continuum medium 
flow is calculated from the continuity and the Navier-Stokes equations based on the local mean 
variables defined over a computational cell.  These are given by 
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where  ,  u , 'u , t , f , P , Ff -p , τ , and g  are, respectively, porosity, mean and fluctuating 
fluid velocities, time, fluid density, static pressure, volumetric fluid-particle interaction force, 
fluid viscous stress tensor, and acceleration due to gravity. 
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is the total fluid force on particle i  and ck is the number of particles in a CFD cell of volume 
cellV . 
''
uu  f  is the Reynolds stress term due to turbulence and modelled by the Reynolds 
Stress Model (RSM) [37-41], while turbulence modification due to the presence of particles is 
not considered in this work.   
The flow patterns derived by solving Eqs. (1) and (2) represent the mixture flow of medium 
and air. According to the work of Wang et al. [12, 42], the CFD modelling of medium and air 
flow was divided into two steps, as shown in Fig. 1. In step 1, only air and slurry are considered. 
The turbulence is modelled using the RSM, and the Volume of Fluid (VOF) model is used to 
describe the interface between the medium and the air core. In VOF, the two phases are 
considered immiscible and modelled by solving a single set of momentum equations and 
tracking the volume fraction of each of the fluids throughout the domain. The viscosity and 
density are the volume fraction weighted sum of the slurry and air values. At this stage, the 
position of the air core and the initial velocity distribution is obtained. The method is similar 
to that used for modelling multiphase flow in hydrocyclones [42]. In step 2, six additional 
phases are introduced to describe the behaviour of nature medium particles with different sizes. 
The multiphase model is changed from the VOF to the Mixture model where air phase is treated 
as one of the secondary phases. A model is also introduced to account for viscosity variation 
as a function of the volume fraction of nature medium particle [43]. Detailed density and 
velocity distributions of different phases are obtained at the end of this step. The details of the 
calculation of medium flow can be found elsewhere [12, 42]. 
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In the third step, as shown in Fig. 1, the flow of coal particles are determined from the fluid 
flow patterns obtained above using either the Lagrangian Particle Tracking (LPT) or the DEM 
method. In this work, DEM [44] is used. Thus a particle in a fluid has two types of motion: 
translational and rotational, both obeying Newton’s second law of motion. During its 
movement, the particle may collide with its neighbouring particles or with the wall and interact 
with the surrounding fluid, through which momentum is exchanged. At any time t, the 
equations governing the translational and rotational motions of particle i in this multi-phase 
flow system are: 
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where mi , iI , iv  and iω  are, respectively, the mass, moment of inertia, translational and 
rotational velocities of particle i . The forces acting on solids are the fluid-solids interaction 
force, f,ipf , inter-particle forces between particles i  and j , which include the contact forces, 
c,ijf , and viscous damping forces, d,ijf , and the gravitational force, gim . Torques, ijT , are 
generated by the tangential forces and ijM  is the rolling friction torque that is in opposition to 
the rotation of the ith  particle. The particle-fluid interaction forces considered in this work are 
the viscous drag force and pressure gradient force. Trial simulations indicate that other particle-
fluid forces, such as the virtual mass force and the lift force, could be ignored. The fluid 
properties used to calculate the particle-fluid interaction forces are those relating to the 
properties of the mixture phase which are calculated from the individual phases, i.e., water, air 
and nature medium particles of different sizes by the mixture model. For simplicity, the 
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lubrication effect on particle-particle interaction and particle dispersion due to turbulence is 
not considered. The equations used to calculate the forces are shown in Table 1 and can also 
be found in the literature [25, 34, 45, 46]. 
A conventional DEM model is computationally very expensive as Newton’s second law must 
to applied to each particle [44]. As particle size becomes very small, the number of particles 
increases exponentially. To overcome this problem it is necessary to adopt the concept of 
“Coarse-graining” (CG) or “parcel-particle” used by Patankar and Joseph [47]. Similar 
concepts or treatments have been used by other researchers to simulate large particulate 
systems [18, 19, 48]. According to the concept, a group of real particles with the same 
properties (size and density in the current case) can be represented by one CG particle. At a 
given point in the fluid flow, the acceleration of the CG particle due to fluid forces is assumed 
to be the same as that of the group of real particles it represents. However, the acceleration due 
to inter-particle forces and particle-wall forces are calculated according to the properties of the 
CG particle. Fig. 2 shows the major concept and assumptions of the approach. The general idea 
is that particles of same properties such as size and density could be grouped into one CG 
particle and all of the particles in the group will have same translational and rotational 
movement in the considered system. In other words, a large number of real particles of same 
properties are represented by a small number of parcel/CG particles. Notably, the particle group 
shown in Fig. 2 (c) should not be treated as a parcel/CG/model particle because one CG particle 
could not contain particles of different sizes. This is because particles of different size normally 
behave quite differently from each other especially within fluid. It should also be noted that 
there must be enough number of CG particles to make the representation of real particles using 
CG particles statistically reasonable. The details of the CG CFD-DEM model used in current 
work can be found in [5, 26]. Note that there are various models which have been applied to 
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model the medium-coal multiphase flows in DMCs in the literature, as summarized in Table 4 
[49]. 
The modelling of the solids flow by DEM is at the individual particle level, whilst the fluid 
flow by CFD is at the computational cell level. Their two-way coupling (fluid forces act on 
particles and particles react on fluid) is numerically achieved as follows. At each time step, 
DEM provides information, such as the positions and velocities of individual particles, for the 
evaluation of porosity and volumetric particle-fluid interaction force in a computational cell. 
CFD then uses these data to determine the fluid flow field, from which the particle-fluid 
interaction forces acting on individual particles are determined. Incorporation of the resulting 
forces into DEM produces information about the motion of individual particles for the next 
time step [34].  
 
3 SIMULATION CONDITIONS 
The working principle in a NMC is schematically shown in Fig. 3. The feed, which is a mixture 
of water, waste coal, fine dirty, clay and shale etc., enters tangentially near the top of the 
cylindrical section, thus forming a strong swirling flow. Centrifugal effect causes the refuse or 
high ash particles to move towards the outer wall of the cyclone, where the axial velocity points 
predominantly downward, and to discharge through the spigot. The lighter coal particles, 
driven by the pressure gradient force and radial fluid drag force [16], move towards the 
longitudinal axis of the cyclone, where there is usually an air core, and the predominant axial 
velocity points upward and the coal exits through the vortex finder. In practice, the NMC is not 
operated vertically; instead, it is operated at certain orientation angle (the orientation angle is 
defined as the angle between the NMC axis and horizontal plane, as shown in Fig. 3). 
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The geometric parameters and mesh of the NMCs are representatively shown in Fig. 4 (a) and 
(b) (Note that the detailed dimensions of the NMC are not given due to commercial reasons). 
Following the meshing strategy in our previous works on cyclones [5, 12, 16, 17, 42], the NMC 
is divided into 112,087 hexahedral cells for the CFD computation, which is slightly finer than 
those used in some of the previous studies [e. g., 5, 16]. Trial simulation suggested that finer 
mesh does not obviously affect the simulation results (the difference is within 5%). Note that 
larger number of meshes could give more accurate results. However, considering the extremely 
high computational cost in the modelling of nature medium cyclones by using CFD-DEM 
approach (typically one run of simulation lasts about 2 months on a single prevailing CPU), 
we have used relatively smaller number of meshes in this work. It is expected that the mesh 
number used in this work is acceptable at least for industrial problems. We also adopted 
relatively low quality meshes in the inlet of the cyclone (in the regions closing to the cylinder 
body) while we have used high quality meshes in the swirling flow regions of the cyclone. We 
have checked the flow filed and found that this treatment does not obviously distort the 
simulation results in that region.  
The pressure at the two outlets (vortex finder and spigot) is set to one atmosphere (101.325kPa) 
while different vortex finder pressure may lead to significantly different flow pattern [50]. The 
NMC is operated horizontally, i.e., the orientation angle is 0 degree. For simplicity, all coal 
particles are assumed to be spherical. Particle density is normalized by dividing by water 
density and so-called as relative density (RD). The medium-to-coal ratio is the ratio of the mass 
flowrate of medium at the NMC inlet to that of the coal particles. The operational parameters 
used in the simulation are summarised in Table 3. 
According to Fig. 1, the simulation process is divided into three steps. In Step 1, the flow of 
water-air flow is solved (with turbulence at the inlet specified by 3% turbulent intensity and 
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0.128 m hydraulic diameter) to get converged results and reach its macroscopically steady state 
that is defined as the state when the flow properties just fluctuate around their respective 
average values, not varying with time. In Step 2, the flow of a mixture of water, air, fine dirty 
particles is solved to get converged results and reach its macroscopically steady state. In Step 
3, waste coal particles are injected into the cyclone continuously from the inlet. The number of 
particles injected in a given time is calculated so as to match the pre-set medium-to-coal ratio 
at the NMC inlet. In order to get the partition performance of coal particles (partition number 
is defined as the portion of particles of certain density reporting to underflow of the NMC), the 
information of coal particles exiting from the overflow is collected during the period of 
macroscopically steady flow state (after injecting the coal particles, the flow can reach another 
macroscopically steady state in about 15 seconds in this work while the total simulation time 
after injecting coal is about 40 seconds).  
The simulations are all unsteady, with the medium flow solved by using Ansys Fluent. The 
used pressure-velocity coupling scheme is “SIMPLE”. The used spatial discretization schemes 
for pressure, momentum, and volume fraction are “PRESTO”, “Second Order Upwind” and 
“QUICK” respectively.  
4 RESULTS AND DISCUSSION 
4.1 Model Validation 
The CFD-DEM model used in this work has been validated step by step against experimental 
measurements in our previous studies [5, 12, 16, 42]. As shown in Fig. 1, there are three steps 
in the whole simulation process, thus, the validation of these models are accomplished step by 
step as well. For Step 1, the model used to simulate the gas-liquid flow is similar to that in a 
hydrocyclone. Therefore, the experimental measurement for a hydrocyclone at a laboratory 
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scale by Hsieh [51] is used for the validation. A good agreement was observed between the 
simulated and measured results, as reported elsewhere [42]. For Step 2, there is limited 
experimental data for the velocity distribution of the medium phases. Only the medium density 
distribution measured by Subramanian using gamma-ray tomography [52] is available for 
comparison. As expected, it is found that the simulated results are close to those measured [12]. 
In Step 3, the simulated partition curves of coal particles for different size agree reasonably 
with the experimental measurements [5]. The CG CFD-DEM model is also compared to a 
conventional standard CFD-DEM model and it is found that the error caused by the CG concept 
is generally acceptable [26]. Fig. 5 shows there is quantitatively agreement between simulation 
results obtained from the CG CFD-DEM model and experimental measurement data [53] for 
current NMC.  
4.2 Effect of medium inlet velocity 
For given NMC geometry and the medium-to-coal ratio, medium inlet velocity largely 
represents the throughput of the NMC. The flow field of medium is also important since it 
largely decides the flow of coal particles. Fig. 6 shows that the simulated medium flows in the 
NMC without coal. It can be seen that the flow fields all qualitatively agree with the previous 
findings [12]. That is, the static pressure decreases radially from wall to centre (Fig. 6(a)), the 
medium density at the lower part is higher than that at the upper part  (Fig. 6(b)), the tangential 
velocity increases from the outer wall to the center of the DMC with its peak value in the region 
close to the air core (Fig. 6(c)). The axial velocity is upward in the centre region and downward 
at the regions close to the outer all of the NMC (Fig. 6(d)). Quantitatively, the flow field is 
different when the inlet velocities are different. Fig. 6 shows that the pressure drop, tangential 
and axial velocities all increases with inlet velocity. The relationship between inlet velocity 
and pressure drop is also shown in Table 5. It can be seen that under current conditions, the 
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pressure drop is as high as 37 psi when the medium volumetric flowrate is 600m3/hr. On the 
other hand, the pressure drop is only 3.34 or 7.18 psi when the medium flowrate is 180 and 
264 m3/hr respectively, which corresponds to operational head of 3.74 and 8.04 respectively. 
Since the commonly used operational head in DMCs is from 6 to 12, it is thought the current 
NMC should be operated with medium flowrate of 200-400 m3/hr. Actually, it was found from 
the CFD-DEM simulations that the particle-particle and particle-wall interaction forces can be 
very high when the medium flowrate is 600 m3/hr and a converged results could not be obtained 
under such high medium flowrate.  
Fig. 7 shows the partition curves obtained for different medium inlet velocities. Generally, 
there are two kinds of phenomena shown in the figure: one is that under this range the partition 
performance is not so sensitive to medium flow rate or operational head; another one is that as 
the medium inlet velocity increases, there are slightly more particles reporting to the overflow 
instead of the underflow.  
The phenomena shown in Fig. 7 could be explained by using the forces acting on the particles 
in the radial direction of the cyclone. In the current CFD-DEM model, the radial movement of 
particles in the cyclone is determined by the centrifugal effect and other two forces, i.e., the 
radial pressure gradient force and the radial drag force. The centrifugal effect could be thought 
as another force acting on the particles and its magnitude is about 
r
v
m
tp
p
2
,
 (where pm  is the 
mass of a particle, tpv ,  is the magnitude of the tangential velocity of the particle, and r  is the 
radial position of the particle relative to the center of the cyclone). On one hand, as the 
tangential velocity of the particle ( tpv , ) is largely proportional to the medium inlet velocity, 
the centrifugal effect is thus largely proportional to the square of the medium inlet velocity. On 
the other hand, the pressure drop in the NMC is also largely proportional to the square of the 
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medium inlet velocity (as demonstrated by Table 6). This suggests that both the centrifugal 
force and the pressure gradient force are proportional to the square of medium inlet velocity 
but they are in reverse directions to each other. Therefore, the enhanced centrifugal effect due 
to the increase of medium inlet velocity could be significantly compromised by the increased 
pressure gradient force. At the same time, the radial velocity of the medium phase will increase 
with the increase of medium inlet velocity, which would drive more particles to flow through 
the vortex finder of the cyclone and make the partition curve slightly shift toward the right 
hand side in Fig. 7. The shifting is not so significant since the radial drag force is much smaller 
than the radial pressure gradient force for current system where particle sizes are quite large 
(0.5-40 mm) [16]. The phenomena shown in Fig. 7 may not be observed in gas and hydro-
cyclones where the drag force rather than pressure gradient force is the dominant force for 
separation. 
4.3 Effect of medium-to-coal ratio (M:C ratio) 
Medium-to-coal ratio (M:C ratio) represents the productivity of NMCs and thus one of the 
most important operational parameter of NMCs/DMCs. Fig. 8 shows that the partition 
performance of the current NMC is very sensitive to M:C ratio. As the M:C ratio decreases or 
the solids feed rate increases for given constant flow of medium, the partition curve shifts to 
the right, which means that there are more particles reporting to the overflow. It can be seen 
from Fig. 8 that when M:C ratio is larger than 8, the NMC is performing well. However, when 
M:C ratio is less than 5, there are very few particles reporting to the underflow, which means 
that the NMC is not working properly and there is almost no separation of particles by density. 
One of the reason could be shown in Fig. 9 which shows that the particle-particle interaction 
is very strong in the regions of the cylinder body of the NMC when M:C ratio is low (= 4.2). 
This may also correspond to the phenomenon (the internal report from the University of Leeds) 
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that the viscosity will be quite high when the medium feed density is up to 1.4. Overall, this 
suggests that the current NMC should not be operated under a M:C ratio lower than 5 (Note 
that in a typical DMC the M:C ratio can be usually quite low (from 3 to 5), which also 
highlights the importance of using fine magnetite particles to form the medium). In order to 
address this problem and also meet the needs of industry to process different kinds of waste 
coal, we have developed new designs of NMCs which is better than the current design but the 
results are not intended to be included in this work.  
5 CONCLUSIONS 
In this work, a numerical approach of combined Computational Fluid Dynamics and Discrete 
Element Method (CFD-DEM)) has been developed to simulate the coal-medium flow in a 
Natural Medium Cyclone (NMC) for the recovery of waste coal. The simulated results are 
validated against experimental data and previous findings in the literature either qualitatively 
or quantitatively depending on the availability of data. The simulation results are also analysed 
in terms of medium flow fields and coal flow patterns, and particle-particle interaction force to 
better understand the flow characters in NMCs. Specifically, the main findings include: 
 The general flow patterns of both medium phase and coal particles in NMCs are similar 
to that in DMCs.  
 The operational pressure/head of the studied NMC increase significantly with medium 
inlet velocity. Under low inlet velocity, the partition performance is not so sensitive to 
inlet velocity (the major reason is that the enhanced centrifugal effect due to the 
increase of medium inlet velocity is significantly compromised by the increased 
pressure gradient force). However, under quite high inlet velocity, there are extremely 
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large particle-particle interaction in the cylinder body of the NMC, which leads to 
difficulty in obtaining converged simulation results. 
 The performance of the current NMC is very sensitive to medium-to-coal ratio. As 
medium-to-coal ratio decreases, there are large portion of high density particles 
reporting to the overflow. When the medium-to-coal ratio is 4.2 (the normal range of 
medium-to-coal ratio for a DMC is 3-7), there are almost no separation of particles by 
density in the NMC. The reason could be that there are extremely large particle-particle 
interaction force in the cylinder body of the NMC when medium-to-coal ratio is low. 
The high particle-particle interaction force pushes particles to flow into the centre of 
the NMC where the particles are dragged upward toward the overflow due to the 
upward flow of medium in the centre region of the NMC. 
 Like DMC, NMC is affected by many variables related to geometry, material properties 
and operational conditions. A systematic study is necessary to understand their effects 
for process design and control. The proposed models, supported by some physical 
experiments and plant tests, would be a way to achieve this goal. 
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NOMENCLATURE  
A  sample volume or area, m3 or m2 
c  damping coefficient, dimensionless 
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d  particle diameter, m 
E  Young’s modulus, Pa, or energy of the system 
cf  contact force, N 
df  damping force, N 
fpf  particle-fluid interaction force, N 
fpF  interaction forces between fluid and solids phases, equal to c
k
i
ifp V
c


 /
1
,f , N/m
3 
g  gravity acceleration vector, 9.81 m/s2 
G  gravity vector, N 
H  operational head, dimensionless 
I  moment of inertia of a particle, kg·m 
k  shape parameter for particle size distribution, dimensionless 
ck  number of particles in a computational cell, dimensionless 
ik  number of particles in contact with particle i , dimensionless 
mk  number of collisions in a sampling time interval, dimensionless 
m  mass of a particle, kg 
n  unit vector in the normal direction of two contact spheres, dimensionless 
n  shape parameter for Rosin-Rammler distribution, dimensionless 
pN  the number of real particles represented by a coarse grain, dimensionless 
P  pressure, Pa 
P  pressure drop, Pa 
r  the radial position of a particle relatively to the centre of the cyclone, m 
R  radius vector (from particle centre to a contact point), m 
R  magnitude of R , m 
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Re  Reynolds number, dimensionless 
t  time, s 
T  total sampling time, s 
T  driving friction torque, N·m 
u  fluid velocity vector, m/s 
V  volume, m3 
v  particle velocity vector, m/s 
cV  volume of a computational cell, m
3 
 
Greek letters 
α size ratio of CG/parcel/model particle to original particle 
  empirical coefficient defined in Table 3, dimensionless 
j  shape parameter for particle density distribution, dimensionless 
δ  vector of the particle-particle or particle-wall overlap, m 
  magnitude of δ , m 
  porosity, dimensionless 
  fluid viscosity, kg/m/s 
r  coefficient of rolling friction, m 
sμ  coefficient of sliding friction, dimensionless 
  Poisson’s ratio, dimensionless 
  density, kg/m3 
τ  viscous stress tensor, N/m3 
ω  angular velocity, rad/s 
  magnitude of angular velocity, rad/s 
20 
 
ˆ  unit angular velocity 
 
Subscripts 
c  contact 
d  damping 
D  drag 
f  fluid phase 
ij  between particle i  and j  
 ji  corresponding to i(j)th  particle 
m medium phase 
max maximum 
n  in normal direction 
p  particle phase 
pg  pressure gradient 
fp   between particle and fluid 
t  in tangential direction 
Superscripts 
cg  coarse-grained particle 
o  original particle  
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Table 1 Comparison of DMC and NMC technology. 
Aspects DMC NMC 
Medium type 
Fine magnetite particles 
added into the feed 
The fine dirt, shale and clay within 
the feed 
Feed 
Run-of-mine coal particles 
with average density of about 
1400 kg/m3  
Mainly the rejects from DMC with 
particles average density of about 
1800 kg/m3 
Product Coal 
The product of a NMC is usually 
then fed into a DMC again to get 
high quality coal product 
Body geometry  
With relatively long cylinder 
and cone parts 
With relatively short cylinder and 
cone parts 
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Table 2 Equations used to calculate the forces and torques acting on particle . 
Forces and torques Symbols Equations 
Normal 
forces 
Contact   
Damping   
Tangential 
forces 
Contact   
Damping   
Torque 
Rolling 
 
 
Friction 
 
 
Body force Gravity   
Particle-fluid 
interaction 
force 
Viscous drag 
force 
  
Pressure 
gradient force 
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Table 3 Operational conditions and material properties considered in the simulations. 
Phase Parameter Symbol Units Value 
Solida 
Density   Kg/m
3 
1200 to 2200 with average 
density of 1800 (contain 
around 10% coal) 
Particle diameter id  mm 
0.5-40 (Rosin-Rammler) 
with average size of 5  
Rolling friction 
coefficient 
r  mm 0.005 
Sliding friction 
coefficient 
sμ  -- 0.3 
Poisson’s ratio   -- 0.3 
Young’s modulus E  N/m2 1107 
Damping coefficient c  -- 0.3 
Particle velocity at inlet -- m/s 3.8 
Time step -- s 210-5 
Gas 
Density   kg/m3 1.225 
Viscosity   kg/m/s 1.810-5 
Velocity at inlet -- m/s 3.9 
Water 
Density   kg/m3 998.2 
Viscosity   kg/m/s 0.001 
Velocity at inlet -- m/s 3-10 
Nature 
medium 
particle 
Density   kg/m3 2500 
Sizes (volume fractions 
in slurry) 
-- µm 
2 (4.0%), 7 (3.4%), 15 
(1.9%), 32 (1.5%), 54 
(1.3%) and 82 (1.1%) 
Medium 
phaseb 
Viscosity   kg/m/s Ishii and Mishima [43]  
Density   kg/m3 1,250 
Velocity at inlet -- m/s 3; 4.4; 5; 10; 
Time step -- s 0.0025 
a For convenience, the wall is assumed to be smooth and have the same properties 
as particles but infinite diameter.  
b Standard wall function in Ansys Fluent is applied. 
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Table 4. Comparison of different models used in the modelling of the coal-particle flow in 
DMCs. 
Model Assumptions Features 
CFD-LPT 
Neglect particle-particle interaction and the 
reaction of particles on fluid. Only limited 
number of particles is tracked. 
0pfF in Equ. (2). 
   0 d,ijc,ij ff  in Equ. (3). 
Equ. (4) is not solved. 
CFD-DEM 
one-way 
coupling 
Neglect the reaction of particles on fluid. 
0pfF in Equ. (2). 
 
CFD-DEM 
two-way 
coupling with 
CG concept 
Use large “coarse-grained (CG)” particles to 
represent small particles. The material 
properties of the CG particles to calculate 
particle-particle and particle-wall interaction 
forces is assumed to be as same as that of the 
real particle or determined empirically. 
 d,ijc,ij ff   in Equ. (3) and 
 
ijrijc ,, TT   in Equ. (4) may not 
be realistic. 
CFD-DEM 
two-way 
coupling 
Least assumptions when compared with the 
other three models above. 
Equs. (1-4) are all solved. 
 
  
31 
 
Table 5. The relationship between the medium flowrate and pressure or the effect of medium 
inlet velocity. 
Medium 
flowrate (m3/h) 
Inlet velocity  
(Vin, m/s) 
Pressure drop 
(Pa) 
Pressure (psi) Head 
180 3 23000.00 3.34 3.74 
264 4.4 49475.56 7.18 8.04 
300 5 63888.89 9.27 10.38 
600 10 255555.56 37.07 41.53 
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Fig. 1  Model strategy used in this work. 
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(a)                                            (b)                                           (c)  
 Fig. 2. Schematic representation of the main concept of the CG CFD-DEM model in a 
computational cell (there are particles of two sizes in each of the systems). (a), the original 
system; (b), a parcel/Coarse-grained system; (c), an example of inappropriate/wrong coarse-
graining scheme (one CG particle can NOT contain particles of different sizes) [26]. 
  
Original system CG system NOT a CG system
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Fig. 3.  A schematic presentation of a DMC/NMC operated in coal industry [26]. 
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(a)                                                                   (b) 
Fig. 4.  Representative presentation of the geometry (a) and mesh (b) of the simulated NMCs 
(Note that due to commertial reasons the detailed dimensions of the NMC are not allowed to 
be disclosed). 
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Fig. 5. Comparison of the simulated and measured partition curves (medium inlet velocity is 
4.4 m/s and the NMC has a tangential inlet).  
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(a)  
(b)  
(c)  
(d)  
Fig. 6. Simulated medium flow field with tangential inlet for different medium inlet 
velocities. (a) Static pressure; (b) density distribution; (c) tangential velocity; and (d) axial 
velocity.  
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Fig. 7. Simulated and partition curves for different medium velocity at inlet when medium-to-
coal ratio is 10 (for high velocity of 10m/s, a converged solution of CFD-DEM simulations 
has not been obtained).  
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Fig. 8. Comparison of simulated and measure partition curves under different M:C ratio 
conditions.  
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(a)        
(b)  
 Fig. 9. Comparison of simulated spatial distributions of particles (a) and particle-particle 
interaction force (b) under different M:C ratios (the force is normalized by dividing by 
particle gravity).  
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Graphic abstract 
  
  
(a)
(b)
This figure shows the comparison of simulated spatial
distributions of particle (a) and particle-particle interaction
force (the force is normalized by dividing by particle
gravity) (b) under different medium-to-coal (M:C) ratios.
There are excessive large particle-particle interaction force
regions in the cylinder body of the NMC when the M:C
ratio is low, which causes large portion of high density
particles reporting to the overflow.
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Highlights 
 A CFD-DEM model is developed to study nature medium cyclone 
 The CFD-DEM results agree with experimental data 
 The cyclone performance is not so sensitive to inlet velocity in current conditions 
 The cyclone performance is very sensitive to medium-to-coal ratio 
 
